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Description 

The field of the inv ntion relates generally to semi- 
conductor devices and manufacturing, and more partic- 
ularly, tothin film transistors (TFT) or semiconductor-on- 5 
insulator (SOI) field-effect transistors. 

Currently, high density (greater than 4 megabytes 
(Mb) of data storage per chip) and high speed bipolar- 
complementary MOS (BICMOS) and CMOS static ran- 
dom access memories (SRAMs) require memory cell io 
size below 20 u/n 2 , low standby current, and high cell 
stability at low operating voltage. Thin Film Transistors 
(TFT) were proposed as the load device in the memory 
cell to replace polysilicon load resistors, in order to meet 
the density, standby current, cell stability, and soft error ?5 
immunity requirements. However, conventional polysil- 
icon TFTs have high threshold voltage and low mobility, 
and therefore poor ON current, due to the finite size of 
polysilicon grains. 

Large grains created by recrystallization of amor- so 
phous silicon (a-Si) films have been used to minimize 
grain boundary scattering to improve ON current, and 
to reduce gene ration -recombination at grain boundaries 
to minimize the OFF current. (See: Kinugawa eta!., TFT 
(Thin Film Transistor) Cell Technology tor 4Mbit and ss 
More High Density SRAMs, Tech. Dig. of 1990 VLSI 
Techno!. Symp.:23-24 (1990); and Uemoto etal., High- 
Performance Stacked-CMOS SRAM Cell by Solid 
Phase Growth Techniques, Tech Dig. of 1990 VLSI 
Techno). Syrnp.:21-22 (1990)). 30 

Thinning of the polysilicon layer and the use of dou- 
ble gates (top and bottom) have provided better ON cur- 
rent and ON/OFF current ratio. (See: Adan etal., A Half- 
Micron SRAM Cell Using a Double-Gated Self-Aligned 
Polysilicon PMOS Thin Film Transistor (TFT) Load, 3S 
Tech. Dig. of 1990 VLSI Technol. Symp.: 19-20 (1990); 
and Hashimoto et al., Thin Film Effects of Double-Gate 
Polysilicon MOSFET, Ext. Abst. of 22nd Conf. on Solid 
St. Dev. and Mat.:393-396 (1990)). However, the ON 
current requirement for 4Mb (or higher) density, high *o 
speed (sub 5 ns) SRAMs is difficult to meet with Si TFTs 
because of mobility limitations and the lack of grain size 
uniformity control. What is desired is a TFT with a high 
carrier mobility. 

Other materials, such as germanium, have different 
energy band structures resulting in higher carrier mobil- 
ities. Such higher carrier mobilities are desirable be- 
cause the mobility of carriers ultimately determines the 
switching speed of the device. The faster the switching 
speed, the more operations the given device can per- so 
form within a given unit of time. 

Silicon-germanium (SiGe) alloys can be grown on 
a Si substrate so long as the alloy layer is sufficiently 
thin. See, TP. Pearsall etal., Enhancement- and deple- 
tion-mode p-channel Ge x Si Vx modulation doped FETs, ss 
IEEE Electron Device Letters, EDL-7: 308-310 (1986), 
and R.C. Taft et al., Fabrication of a p-channel BICFET 
in the Ge^. x/Si system, International Electron Device 



Conf. Digest: 570-573 (1988). Because the lattice spac- 
ing of a crystal of Ge is larger than the lattice spacing of 
a crystal of silicon, a layer that includes an alloy of Ge 
and Si is placed under strain when grown. The Ge crys-.- 
tal lattice is compr ssed and provides a so-caiied pseu- 
domorphic layer. See K.Casper, Growth Improprieties 
of Si/SiGe Superlattices, MSS-ll Proceedings, Kyoto, 
Japan: page 703 (September 1975); D.V. Lang, Meas- 
urement of the Band Gap of Ge^i^Si Strained Layer 
Heterostructures, Applied Physics Letters.. 47: page 
1333 (1985). With such strained layers, several groups 
have demonstrated that two-dimensional electron and 
hole gas layers can be formed. It has recently been 
shown that the mobility of holes is higher in layers 
formed of an alloy of Si and Ge than in pure silicon. See, 
P.J. Wang, et al., Two-dimensional hole gas in Si/Si 0£5 
Ge 0.16'Si modulation-doped double heterostructures, 
AppL Phys. Lett. Vol. 54, No. 26: page 2701 (1989). 

It is possible that the hole mobility in such a system 
is enhanced by the strain in the alloy layer which de- 
creases the energy of the light hole band relative to the 
heavy hole band. In such a system, the conduction and 
valence band discontinuities are relatively low com- 
pared to group II I -V compound materials. In addition, 
small Schottky barrier heights on Si would make com- 
mercial utilization of the MODFET devices of Pearsall 
et al. impractical because of a high gate leakage current, 
particularly at room temperature. 

EP-A-0323896 discloses a conventional MOSFET 
device which incorporates a Ge channel region formed 
of a 90-100% Ge in Si alloy. The channel is symmetric. 
At each edge of the channel there is an identical transi- 
tion region from the 90-1 00% Ge in Si alloy to the sur- 
rounding regions of pure Si. Graded regions are provid- 
ed at each channel edge to accommodate the well 
known lattice mismatch between Si and Ge, that mis- 
match being 4.0%. This structure results in the genera- 
tion of in excess of 10 9 defects per square centimeter 
in this mostly Ge layer due to the severe mismatch be- 
tween this layer's lattice constant and that of the Si sub- 
strate. Such defects are well known to limit carrier mo- 
bility. 

Apart from this mechanical consideration, the Ge 
profile in the channel, as in the prior art, is symmetric 
and unilorm throughout the mostly Ge region. Thus, two 
active transport regions will be formed at the edges of 
this channel, one at the transition from the Si substrate 
to the 90-100% Ge channel, and the other at the transi- 
tion region back to pure Si at the surface of the device. 
Each transport region contains a two-dimensional hole 
gas, centered at each edge of the Ge plateau. Each hole 
gas has a finite spatial extent, such that half the carriers 
overlap the defected transition region beyond each pla- 
teau edge. This also degrades the mobility of carriers 
residing in these defected regions. Equally important, 
hole mobility decreases when holes travel in a region of 
reduced Ge content, as is the case in prior SiGe channel 
MOSFET designs. 
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In EP-A-0 397 967 there is disclosed a MOSFET 
having a SiGe channel layer grown on a Si substrate. A 
Si cap layer separates the Si dioxide insulator layer from 
the channel layer. A suitably applied voltage will result 
in a region of high mobility charge carriers at the inter- £ 
face between the SiGe alloy layer and the Si cap layer 
This region will contain a two-dimensional electron or 
hole gas. By forming the electron or hole gas at the 
SiGe/Si interlace rather than the Si/SiOj interface as in 
previous devices, interface scattering is decreased or to 
eliminated. The region of high mobility charge carriers 
is as near as possible to the gate (at the Si/SiGe inter- 
face), and thus the capacitance is maximized and de- 
vice performance is enhanced. However, carrier mobil- 
ity is actually at its lowest nearest the gate. Hence, the 7$ 
device transconductance, which is a figure of merit that 
is linearly proportional to both capacitance and mobility 
is not optimized. Furthermore, the channel region de- 
scribed in this earlier work is symmetric as in all known 
prior devices. The abrupt transitions between Si and SO 
SiGe regions in such a symmetric structure result in a 
number of carriers being transported outside of the 
channel region. 

In EP-A-0 494 395 there is disclosed a MISFET hav- 
ing a graded semiconductor alloy channel layer wherein ss 
the grading results in the charge carriers being posi- 
tioned within the channel layer at a location in which 
transconductance will be optimized. The MISFET in- 
cludes a strained, pseudomorphic, epitaxial channel 
layer of an alloy of a first semiconductor material and a 30 
second semiconductor material disposed over a sub- 
strate. The alloy has a percentage of the second semi- 
conductor material graded within the channel layer to a 
single peak-percentage level such that the location of 
carriers within the channel layer coincides with the peak 3S 
percentage level. An epitaxial cap layer of the first sem- 
iconductor material is disposed over the channel layer 
and a gate insulator layer is disposed over the cap layer. 
A gate electrode is disposed over the gate insulator lay- 
er and source and drain regions are formed in the cap <o 
layer and the channel layer on opposite sides of the gate 
electrode. In one embodiment of the MISFET, the chan- 
nel layer is formed of a SiGe alloy on a Si substrate. A 
similar device is shown in JP-A-1 179 448. 

The channel profile is graded to control the location <s 
of the charge carriers in the channel layer to maximize 
transconductance. The grading results in a built-in elec- 
tric field which drives the carriers to the desired location 
in the channel. The graded alloy channel MISFET 
avoids the problem of the two active transport regions so 
formed in prior devices, as only a single transport region 
is formed at the location of the single peak-percentage 
level of the second semiconductor material. 

In addition, in prior SiGe channel devices, because 
the band offset between Si and SiGe is small, a two- ss 
dimensional hole gas formed at that interface will spill 
over into the Si layer, a layer of lesser mobility. In the 
MISFET, this problem can be avoided by locating the 
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carriers spaced from this interface in order'to maintain 
all or substantially all of the hole gas within the SiGe 
higher mobility channel. The location of carriers within 
the channel can be controlled by grading the Ge con-V 
centration in Si to a maximum with that maximum being 
located anywhere in the channel but spaced from either 
interface. The point of maximum concentration deter- 
mines the location of the carriers. The particular location 
within the channel is said to depend on the desired de- 
vice characteristics. 

A additional modulation doping technique is em- 
ployed in the MISFET device in which the carriers are 
located below the channel layer. First, a narrow in situ 
doped boron layer is grown. The total integrated dose, 
which can be very accurately controlled with low tem- 
perature epitaxy, determines the threshold voltage of 
the device. The doped layer is separated from the SiGe 
channel by a small undoped spacer, to physically sep- 
arate the ionized acceptors from the holes in the SiGe 
channel. Thicker spacers can result in a deleterious par- 
asitic substrate channel. 

By modulation doping the channel region of a MIS- 
FET, the carriers are physically separated from the ion- 
ized atoms, thus allowing high carrier concentrations 
with negligible ionized impurity scattering and hence 
high mobilities compared to uniformly doped SiGe 
MOSFETs. In addition, by locating the dopant below the 
SiGe channel rather than above as in both the MODFET 
and the BICFET, the process sensitivity is greatly im- 
proved as thinning of the Si cap layer during device fab- 
rication does not affect the total integrated doping and 
thus the threshold voltage. Compared to the uniformly 
doped SiGe MOSFET, the parasitic surface channel of 
the modulation doped device depends much less criti- 
cally on the Si cap thickness and hence on process var- 
iations. The modulation doped device maximizes the ra- 
tio of carriers in the SiGe channel over those in both the 
surface and substrate parasitic channels compared to 
the uniform SiGe MOSFET However, the MISFET is a 
bulk Si device. 

The MISFET device itself and the processing there- 
fore do not lend themselves to direct application in thin 
film devices. It is therefore desirable to provide a TFT 
device with the operational advantages of the modula- 
tion doped MISFET andean be integrated into high den- 
sity memories or the like. 

The present invention is directed to TFT or SOI 
MOSFET devices and a method of manufacturing those 
devices for integration in high density memories, or the 
like, to provide fast switching, very high ON current and 
a large ON/OFF current ratio. 

A preferred embodiment of the present invention 
comprises one or more relatively thin layers of SiGe 
sandwiched between layers of Si. The SiGe and Si lay- 
ers are formed on an insulating substrate and are doped 
to form a source and a drain region to thereby define a 
channel region. 

The SiGe layer(s) is pseudomorphically grown on 
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the Si and is therefore placed under compressive strain. 
The upper edge of the valence band In the SiGe is 
placed above the upper edge of the valence band of the 
Si layer because of the strain. The hole carriers in the 
strained SiGe therefore have a lower energy state. A s 
similar effect occurs with electrons when a Si lattice is 
placed under tensile strain for growth on SiGe. 

The total TFT body thickness of the SiGe and Si 
layers is scaled down. This scaled-down body thickness 
and the resulting band structure discussed above cause ^o 
holes to be automatically confined to the SiGe layer(s). 
The carrier flow within the SiGe channel is significantly 
increased by optimizing the transconductance using two 
gate electrodes, the first above the channel and the sec- 
ond below the channel. The gate-to-channel capaci- 75 
tance is lower than non-buried channel devices, be- 
cause carrier flow is located away from the gate elec- 
trodes. This also helps prevent dielectric breakdown of 
the gate insulator(s). 

At zero gate bias, the SiGe channel(s) can be fully 2° 
depleted of minority current carriers and turned off with 
very little current flowing between the source and drain. 
As the gate bias is negatively increased, minority carri- 
ers begin to pile up and become confined within the high 
mobility SiGe layer and provide higher hole current than 2S 
conventional Si TFTs. 

Conductivity enhancement is possible even at high 
gate bias because a significant fraction of minority car- 
riers will remain in the SiGe channel layer and carrier 
mobility in SiGe can be a thousand times higher than in 30 
bulk Si or at a SiO^Si interface. 

Thus, the dual gate TFT of the present invention 
eliminates the need for modulation doping and channel 
grading as in prior bulk SiGe MISFET devices by auto- 
matic confinement of carriers in the SiGe channel layer. 3S 
Channel grading, however, can be used to help confine 
carriers if the body thickness is not minimized. 

The foregoing and other features and advantages 
of the present invention will be apparent from the follow- 
ing more particular description of preferred embodi- <o 
ments of the invention, as illustrated in the accompany- 
ing drawings. 

The invention will be better understood if reference 
is made to the accompanying drawings in which: 

FIG. 1 illustrates a representative cross sectional 4 $ 
view of a SiGe TFT of the present invention. 

RG. 2 illustrates a representative cross sectional 
view of a further embodiment ol the SiGe TFT of the 
present invention. 

FIG. 3 illustrates a representative cross sectional 50 
view of a still further embodiment of the SiGe TFT of the 
present invention. 

FIG. 4 shows a flow chart of a method of manufac- 
turing the SiGe TFT of FIG. 1 . 

FIGs. 5A and 5B show energy band diagrams for 55 
pseudomorphic SiGe on Si and Si on SiGe. respectively 

In the drawings, like reference numbers indicate 
identical or functionally similar elements. Additionally, 



the leftmost digit of the reference number identifies the" 
drawing in which the reference number first appears. 

The present invention is directed to a. thin film field 
effect transistor (TFT) having (one or more) alloy chart-".- - 
nels or a graded alloy channel. 

A more detailed description of some of the basic 
concepts discussed in this section is found in a number 
of references, including S.M. Sze, Physics of Semicon- 
ductor Devices, John Wiley & Sons, Inc., New York, 
(1 981), and Semiconductor Devices, Physics and Tech- 
nology, John Wiley & Sons, Inc., New York, (1985). 

FIG. 1 illustrates a representative cross sectional 
view of a SiGe TFT 100 of the present invention. The 
SiGe TFT 100 has a SiGe channel 102 (4-10 nm, pref- 
erably 5 nm, where the concentration of Ge is about 
1 0-50%, and preferably 20-40%), sandwiched between 
two thin (1-5 nm, preferably 3 nm) Si layers 104 and 106. 
The Si layer 1 04 is also called a top channel or first spac- 
er layer, and the Si layer 106 is also called a substrate 
channel or second spacer layer. A pair of top and bottom 
gate electrodes 108 and 110 are used to modulate car- 
riers in the channel and thereby turn the transistor on 
and off in a known fashion. (The terms top and bottom 
are used only for ease of explanation.) High quality sil- 
icon dioxide (Si0 2 ) gate insulators 112 and 114 can be 
deposited or thermally grown to a thickness less than or 
equal to about 10 nm. 

Also shown in FIG. 1 are high conductivity source 
and drain regions 116 and 11 B, respectively In one em- 
bodiment, the source and drain regions 1 1 6 and 1 1 8 are 
formed by masking the channel region p+-dopingthe Si/ 
SiGe/Si layers. Connection to, and biasing of, the gates 
10B and 110 and the source and drain regions 116 and 
1 16 are performed in a conventional manner, as will be- 
come evident to those skilled in the art. 

The SiGe channel 102 and Si layers 104 and 106 
are effectively laterally sandwiched between the source 
and drain regions 1 1 6 and 1 1 8, and are thus considered 
contiguous to those regions. The SiGe channel 102 is . 
effectively vertically sandwiched (see FIG. 1) by Si lay- 
ers 104 and 106. The Si layers 104 and 106 are also 
considered contiguous with the source and drain re- 
gions. The combination of the SiGe channel 102 and Si 
layers 104 and 106 are effectively sandwiched in the 
thickness direction (shown as the vertical direction in the 
FIG's. 1-3) by the gate insulators 112 and 114; the latter 
combination is effectively sandwiched in the thickness 
direction by the gate electrodes 108 and 110. 

A substrate for supporting the SiGe TFT 100 is not 
shown in FIG. 1 . In an SOI embodiment, the substrate 
may be an insulating substrate such as oxide, sapphire, 
diamond: or the like. Alternatively, for a TFT embodi- 
ment the substrate may be Si. Alternatively, the SOI or 
TFT MOSFETs of the present invention may be stacked 
to form multiple-layer integrated circuits. In this case, 
SOI or TFT MOSFETs may themselves function as sub- 
strates for further stacked SOI or TFT MOSFETs. 

At zero gate bias, the SiGe channel 102 can be fully 
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depleted of minority current carriers (holes) and turned 
off with very little current flowing between the source 1 1 6 
and drain 118. As gate bias is negatively increased, mi- 
nority carriers begin to pile up and become confined 
within the high mobility SiGe layer near the SiGe/Si in- s 
terlace, and hence, provide higher hole current than 
conventional Si TFTs. 

Conductivity enhancement is possible even at high 
gate bias because a significant Iraction of minority car- 
riers will remain in the SiGe channel layer 102 and car- io 
rier mobility in SiGe can be a thousand times higher than 
in bulk Si or at the SiCySi interface. 

Moreover, if the total TFT body thickness is scaled 
down a major portion of the minority carriers will auto- 
matically be confined in the SiGe channel layer 102, is 
which will result in very high ON current. The term "total 
TFT body thickness" refers to the total thickness of the 
semiconductor layers sandwiched by the gate insulators 
112 and 114. 

In FIG. 1, for example, the total body thickness is 2° 
the combined thickness of layers 102, 104 and 106. 
Representative thicknesses tor 'scaled down" layers 
102-106 would be about 5 nm for SiGe layer 102, and 
about 2-3 nm for Si layers 104 and 106. Alternatively, 
layer 102 should be less than about 10 nm and layers 2s 
1 04 and 1 06 less than about 5 nm, for a total TFT body 
thickness of less than about 20 nm. 

The energy band discontinuity between the Si lay- 
ers 104 and 106 and the SiGe layer 102 helps increase 
the ON current by confining minority carriers to the high 30 
mobility SiGe layer 1 02. In general, carriers tend to stay 
where their energy is the lowest. The material having 
the smaller bandgap* usually gives the lower energy 
state, as in the case of a strained SiGe layer grown on 
Si, where the valence band edge of SiGe gives a lower 35 
energy state for holes compared with Si. (The strained 
layer epitaxy process is necessary to grow the SiGe on 
Si, because the lattice constant of SiGe is larger than 
that of Si). 

The band gap and band structure play important <o 
roles in the present invention's ability to confine carriers 
to the channel. Hole mobility is enhanced by strain in 
the SiGe alloy layer which decreases the energy of the 
light hole band relative to the heavy hole band. For a Si 
layer strained by SiGe, electrons have a lower energy *s 
state at the conduction band edge of Si, as compared 
to that of the SiGe layer. These discontinuities are de- 
picted in the energy band diagrams in FIGs. 5A and 5B. 

FIG. 5A shows SiGe grown on Si, where the SiGe 
is under compressive strain (i.e, SiGe is pseudomorphic so 
to Si), thus causing the valence band (E v ) to offset. The 
offset occurs where the E v for strained SiGe is above 
the E v for the Si. This E v offset occurs at each SiGe/Si 
interface. FIG. 5A represents the case ol a p-channel 
TFT where the carriers (holes) are confined to the SiGe ss 
channel. 

FIG. 5B shows a band diagram for Si grown on 
SiGe. The Si is under tensile strain (i.e, Si is pseudo- 



morphic to SiGe), thus causing offset of both the con-' 
duction and the valence bands (E c and E v , respective- 
ly). The E c of the Si layer is pulled down relative to E c 
for SiGe. FIG. 5B represents the case of an n-channei - 
TFT where the carriers (electrons) are confined to the 
Si channel. 

A large valence band discontinuity is also desirable 
at the bottom and top of the channel in order to confine 
all the mobile carriers in the SiGe channel (in the p-chan- 
nel device) and suppress flow of carriers in the parasitic 
channels at either of the insulator/Si interfaces. Accord- 
ingly, the electric field established by the negative volt- 
age on gate attracts a large number of positive earners 
in the SiGe channel layer 102. This concentration of 
positive carriers or holes assumes a two-dimensional 
configuration as the thickness of the SiGe channel is re- 
duced. Positive charge carriers in the high mobility 
channel move in a substantially two-dimensional direc- 
tion between source 116 and drain 116. When a two- 
dimensional hole gas is formed, the capacitance of the 
device will be maximized because the hole gas is as 
close to the gate as possible. 

Another embodiment ol a SiGe TFT 200 of the 
present invention is shown in FIG. 2. The SiGe TFT 200 
is essentially two SiGe TFT MOSFETs back to back, op- 
erated in parallel. The SiGe TFT 200 also comprises top 
and bottom gates 108 and 110, gate insulators 112 and 
114, and p^-source and drain regions 116 and 11B. Two 
SiGe channel layers 202 and 204 are sandwiched by 
three Si layers 206, 20B and 210. As with the device in 
FIG. 1 . carriers are restricted to the SiGe layers 202 and 
204 during operation of the device shown in FIG. 2. IN 
a preferred embodiment in connection with the structure 
shown in FIG. 2, layers 202 and 204 have a thickness 
of less that about 10 nm : and layers 206, 208 and 210 
have a thickness of less that about 5 nm. An example 
total body thickness for the device of FIG. 2 would com- 
prise the total thickness of layers 202-210, or less that 
about 35 nm. In a lurther embodiment layer 208 can be 
modulation doped to help confine carriers to the channe I 
layers 202 and 204 if the total body thickness so war- 
rants. 

Alternatively, the entire body of the TFT MOSFET 
can be made of SiGe without the top and bottom Si lay- 
ers. This third embodiment is shown in FIG. 3. The SiGe 
TFT 300 also comprises top and bottom gates 108 and 
110, gate insulators 112 and 114, and p*-source and 
drain regions 166 and 118. A single SiGe channel layer 
is shown at relerence number 302. The top channel and 
substrate channel Si layers can be omitted provided 
that: (1) a high quality insulator and insulator/SiGe in- 
terface can be formed by deposition instead ol thermally 
oxidizing the SiGe layoff and (2) a high quality amor- 
phous SiGe layer can be deposited and later recrystal- 
lized without the bottom Si seed layer. An example total 
body thickness for FIG. 3 would comprise only layer 302 
of between about 1 0-50 nm, preferably less than 20 nm. 
Grading of the percentage of Ge to a peak level of b - 
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tween 10-50% in the center of the channel 302 can be 
used to help confine carriers, in addition to the confine- 
ment achieved by the thin body thickness. 

The threshold voltage of the SiGe SOI or TFT MOS- 
FET can be tailored by in situ doping of the TFT body s 
or by ion implantation. The top and bottom gate elec- 
trodes can be either n + - or p+-polysilicon. Taking the p- 
MOSFET in FIG. 1 and using an n + -polysilicon gate 
electrode as an example, a spike doping of boron (p- 
type impurity) can be positioned in the middle o1 the 70 
SiGe layer 102 to adjust the threshold voltage and pro- 
vide a high ON current in a buried-channel mode of FET 
operation. This is particularly useful when the energy 
band discontinuity due to SiGe alone is insufficient to 
confine carriers within the high conductivity SiGe layer. 75 
However, the SOI embodiment is preferred because 
spike doping and grading to achieve higher Ge concen- 
tration adjacent SiGe/Si channel boundaries is eliminat- 
ed by the combination of the thin SOI total body thick- 
ness and the dual gate electrode structure. A thin SOI 20 
total body thickness implies a thin SiGe channel layer 
(s). 

Furthermore, tailoring of the threshold voltage of the 
device can be accomplished by changing the workf unc- 
tion of the gate electrodes. Any suitable material having 2s 
a workfunction value ranging between the value for n + - 
and p + -polysilicon is desired (e.g. : tungsten or tungsten 
silicide), as will become evident to those skilled in the 
art. 

The present invention is considered an advanced 30 
buried channel device. The thin SOI body thickness and 
dual gate structure of the present invention permit easy 
adjustment of the threshold voltage by simply changing 
the workfunction of the two gates. High mobility by con- 
fining the carriers to the channel can still be maintained 35 
without modulation doping. Without modulation doping, 
a MISFET of the type discussed above in the Back- 
ground Section would be unable to confine carriers (e. 
g., holes) to the channel. The holes would spill into the 
top, low mobility Si channel layer and the "buried" SiGe 40 
channel would be much less effective. 

Specific operational or implementation require- 
ments of devices made according to the principles of the 
present invention may require low parasitic contact re- 
sistance tor the source and drain, and thereby necessi- <s 
tate increasing the overall thickness of the SOI layer (i. 
e. f the total thickness of all Si and SiGe layers on the 
insulating substrate). Increasing the thickness of the 
channel layer, however, may prevent automatic confine- 
ment of the carriers to the high mobility channel. There- so 
fore, grading of the high mobility channel may be em- 
ployed for thicker devices to help confine the carriers 
and improve overall performance. For the dual gate p- 
channel TFT, for example, a peak concentration of Ge 
in middle the SiGe channel is preferred. ss 

The structure of FIG. 1 can be fabricated according 
to a representative method, which is shown generally at 
steps 402-420 in a flow chart at FIG. 4. The bottom gate 



electrode 110 is first formed and patterned on the oxide" 
or Si substrate using polysilicon or single crystal silicon, 
as shown at step or block 402. Next, a high quality bot- 
tom gate insulator 114, such as SK^r is grown or der. 
posited over the gate electrode and substrate, as shown 
at step or block 404. 

Next, a thin amorphous Si layer (forming bottom 
channel 106) is deposited on the gate insulator 114. Lay- 
er 106 also serves as the seed layer for subsequent 
SiGe layer deposition (see step 406). Layer 106 can be 
deposited by a number of available low temperature, low 
pressure chemical vapor deposition (LPCVD) tech- 
niques, or the like. It is possible to perform low temper- 
ature recrystallization of layer 106 to form very large 
grains at this point. a-Si deposited in a UHV/CVD sys- 
tem may provide better recrystallization. 

Alternatively, for a thin SOI embodiment where the 
entire channel (comprising layers 1 02-1 06, for example) 
of the SiGe TFT 100 is monocrystalline, a wafer-bonding 
and polishing or etch-back process could be used to 
form the bottom gate electrode 110, gate oxide 114 and 
the monocrystalline layer 1 06 on an insulator (or Si) sub- 
strate. (See Horie et al. , Fabrication of Double-Gate 
Thin-Film SOI MOSFETs Using Waler Bonding and Pol- 
ishing, Technical Digest of the 1991 Solid State Device 
and Materials Conference, Yokohama, Japan: 
165-167.) Layer 106 (as the seed for subsequent pseu- 
domorphic epitaxial growth of layer 1 02 and 1 04) can 
be thinned down to the desired thickness (e.g., 5 nm or 
less) by known oxidation and etching methods. 

The SiGe channel layer 102 is then grown to a suit- 
able thickness, thin enough to maintain a pseudomor- 
phic monocrystalline structure. Channel layer 1 02 may 
range in thickness from 10 to 50 nm. The top Si layer 
104 is formed by UHV/CVD or other SiGe/Si epitaxy 
techniques, as shown at step 408. Recrystallization of 
layers 1 02-1 06 may be performed if necessary (see step 
410). The Si and SiGe layers can be doped individually 
in situ during UHV/CVD to adjust the threshold voltages 
of the top and bottom devices. The top gate insulator 
112 is then grown or deposited, as shown at step 412. 
The top and bottom Si layers are used to maintain high 
quality interfaces with the Si0 2 gate insulators and the 
channel. Next, the top gate electrode 108 is formed and 
patterned (see step 414). The top gate electrode 108 
can be polysilicon or single crystal. 

The source/drain diffusion regions 116 and 118 and 
the gate are then doped by self-aligned ion implantation, 
followed by adequate thermal anneal. These steps are 
represented at block 416. A self-aligned silicide may be 
formed over the source, drain and top gate if so desired, 
as shown at step 416. Finally, the SOI or TFT MO S FET 
is passivated and contacted in a known manner, as 
shown at step 420. 

An alternative way of forming the thin Si seed layer 
(bottom channel 1 06) is to deposit a-Si immediately aft r 
CVD oxide deposition (bottom gate insulator) by chang- 
ing the chemistry (e.g., turning off the gas source that 
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provides oxygen). For example, LPCVD can be used 
and switched from silane + oxygen (oxide deposition) to 
silane only (Si deposition). 

The SOI or TFT MOSFETs of the present invention 
can be used in high speed (sub 4-5 ns) and high density £ 
(2 4 Mb) SRAM or in high performance SOI logic devic- 
es, as well as many other present and future applica- 
tions appropriate for MOSFETs. 

For applications requiring MOSFETs with thicker 
channel regions, the percentage of Ge in the SiGe alloy 70 
channel layer is graded within the channel layer to a sin- 
gle peak percentage level. The location of carriers within 
the channel layer will coincide with this peak percentage 
level. The SiGe channel layer is thereby formed with a 
Ge profile designed to maximize transconductance. The 75 
Ge profile results in a built-in electric field which locates 
the carriers in the desired position in the channel. The 
Ge percentage is about 50% or less at the peak. Typi- 
cally, the percentage may range between 20 and 40%. 
Preferably, the maximum percentage level of Ge will be 20 
about 30%. 

Claims 

25 

1 . A thin film field effect transistor (1 00) lor modulating 
carriers comprising: 

an insulating substrate; 

30 

a first gate electrode (110) on said insulating 
substrate; 
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lised, second and third layers (104,106) of Si. 

3. The thin film transistor of claim 1 wherein said chan- 
nel region (302) of SiGe consists of two separate- 
recrystallised layers (202.204) of SiGe which are 
sandwiched between three recrystallised layers 
(206,208,210) of Si. 

4. The thin film transistor o1 any above claim, wherein 
the concentration of Ge in said first layer is between 
about 10-50%. 

5. The thin film transitor of claim 4, wherein said'Ge 
concentration has a single peak percentage level 
positioned at a predetermined location spaced be 
tween first and second opposed major surfaces of 
said first layer. 

6. The thin film transistor of any above claim, wherein 
the thickness of said first layer is less than about 10 
nm and the thickness of said second and third lay- 
ers is less than about 5 nm, respectively. 

7. The thin film transistor of claim 6, wherein the thick- 
ness of said first layer is between about 4-6 nm and 
the thickness of said second and third layers is be- 
tween about 2-3 nm, respectively. 

8. A process for fabricating a thin film field effect tran- 
sistor, comprising the steps of: 

a. providing an insulating substrate: 



a first gate insulator layer (1 1 4) on said first gate 
electrode; 35 

a first layer (302) of compressively strained, 
pseudomorphic, recrystallised SiGe of a first 
type of conductivity on said gate insulatorform- 
ing the channel region of said transistor; *o 

a second gate insulator layer (112) on said first 
layer of SiGe; 

a second gate electrode (10B) on said second *s 
gate insulator layer; 

wherein said first and second gate electrodes 
delineate the channel region of said transistor 
therebetween; and, so 

highly doped source (116) and drain (118) re- 
gions of a second type of conductivity adjacent 
to said channel region. 

55 

2. The thin film transistor of claim 1 wherein said chan- 
nel region (302) of SiGe consists of a layer (102) of 
SiGe which is sandwiched between two recrystal- 



b. forming a first gate electrode on an insulating 
substrate; 

c. forming a first gate insulator layer on said first 
gate electrode; 

d. forming a layer of compressively strained, 
pseudomorphic, recrystallised layer GeSi of a 
first type of conductivity on said first gate insu- 
lation layer forming the channel region of said 
transistor; 

e. forming a second gate insulator layer on said 
monocrystailine layer; 

f. forming a second gate electrode on said sec- 
ond gate insulator layer: and 

g. forming highly doped source and drain re- 
gions of a second conductivity type in said 
monocrystailine layer on opposite sides of said 
first and second gate electrodes to delineate 
the channel region of said transistor. 

9. The process of claim 8 further comprising between 
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steps b) and c) the step ot: 

g) lorming a first recrystallised layer ot Si on said 
first gate insulator layer, 

and between steps c) and d) the step of: 

h) forming a second recrystallised layer of Si on said 
monocrystalline layer of SiGe; 

wherein said highly doped source and drain regions 
are made by ion implantation through the first re- 
crystallised layer of Si, the layer of SiGe and the 
second layer of Si. 



Patentanapruche 

1. Ein Dunnfilm-Feldeffekttransistor (100) zur Modu- 
lation von Tragern, der folgendes umfaSt: 

ein Isolationssubstrat; 

eine erste Gatterelektrode (110) auf dem ge- 
nannten Isolationssubstrat; 

eine erste Gatterisoiationsschicht (114) auf der 
genannten ersten Gatterelektrode; 

eine erste Schicht (302) kompressionsbean- 
spruchten pseudomorphen rekristallisierten Si- 
Ge mil einer ersten Leitfahigkeit auf der ge- 
nannten Gatterisoiationsschicht, die die Kanal- 
region des genannten Transistors bildet; 

eine zweite Gatterisoiationsschicht (112) auf 
der genannten ersten Schicht SiGe; 

eine zweite Gatterelektrode (108) auf der ge- 
nannten zweiten Gatterisoiationsschicht; 

wobei die genannte erste und die genannte 
zweite Gatterelektrode die Kanal region des ge- 
nannten Transistors abgrenzen; und 

ein hochdotierter Quellbereich (116) und ein 
Drain-Bereich (118) einer zweiten Leitfahigkeit, 
die neben der genannten Kanalregion liegen. 

2. Der DOnnfilmtransistor gemaB Anspruch 1, wobei 
die genannte Kanalregion (302) des SiGe aus einer 
Schicht (1 02) SiGe besteht, die zwischen den bei- 
den rekristallisierten Schichten (104) und (106) aus 
Si liegt. 

3. Der DOnnfilmtransistor gemaB Anspruch 1 , wobei 
die genannte Kanalregion (302) des SiGe aus zwei 
separaten rekristallisierten Schichten (202, 204) Si- 
Ge besteht, die zwischen den drei rekristallisierten 
Schichten (206, 203, 210) aus Si liegt. 

4. Der DOnnfilmtransistor gemaB alien obigen Anspru- 



chen, wobei die Konzentration von Ge in der ge : 
nannten ersten Schicht zwischen 10% und 50% 
liegt. 

s 5. Der DOnnfilmtransistor gemaB Anspruch 4. wobei 
die genannte Konzentration von Ge einen einzel- 
nen Spitzenprozentsatzpegel aufweist, der sich an 
einer vorbestimmten Position zwischen der ersten 
und zweiten Hauptflache der genannten ersten 

io Schicht, die einander gegenuber angeordnet sind, 
befindet. 

6. Der DOnnfilmtransistor gemaB alien obigen Anspru- 
chen, wobei die Dicke der genannten ersten 

75 Schicht weniger als etwa 10 nm und die Dicke der 
genannten zweiten und dritten Schicht weniger als 
etwa 5 nm betragt 

7. Der DOnnfilmtransistor gemaB Anspruch 6, wobei 
so die Dicke der genannten ersten Schicht ungefahr 4 

bis 6 nm und die Dicke der genannten zweiten und 
dritten Schicht ungefahr 2 bis 3 nm betragt. 

8. Ein ProzeB zur Herstellung eines Dunnfilm-Feldef- 
25 fekttransistors, der die folgenden Schritte umfaBt: 

a. Bereitstellung eines Isolationssubstrats; 

b. Bildung einer ersten Gatterelektrode auf ei- 
30 nem Isolationssubstrat; 

c. Bildung einer ersten Gatterisoiationsschicht 
auf der genannten ersten Gatterelektrode; 

3$ d. Bildung einer Schicht kompressionsbean- 

spruchten pseudomorphen rekristallisierten 
Schicht SiGe m it einer ersten Leitfahigkeit auf 
der genannten ersten Gatterisoiationsschicht, 
die die Kanalregion des genannten Transistors 

<o bildet; 

e. Bildung einer zweiten Gatterisoiations- 
schicht auf der genannten monokrista! linen 
Schicht; 

45 

1. Bildung einer zweiten Gatterelektrode auf der 
genannten zweiten Gatterisoiationsschicht; 
und 

50 g. Bildung einer hochdotierten Quellregion und 

einer Drain-Region mit einer zweiten Leitfahig- 
keit in der genannten monokristallinen Schicht 
auf gegenuberliegenden Seiten der genannten 
ersten und zweiten Gatterelektrode zur Ab- 

55 grenzung der Kanalregion des genannten 

Transistors. 

9. Der ProzeB gemaB Anspruch 8, der weiterhin zwi- 
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schen den Schrttten b) und c) den folgenden Schritt 
umfaGt: 

g) Bildung einer ersten rekristallisierten Schicht Si 
auf der genannten ersten Gatterisolationsschicht, 
und 2wischen den Schritten c) und d) den folgenden 
Schritt umfaGt: 

h) Bildung einer zweiten rekristallisierten Schicht Si 
auf der genannten monokristallinen Schicht SiGe: 
wobei die genannte hochdotierte Quellregion und 
die Drain-Region durch eine lonenimplantation 
durch die erste rekristallisierte Schicht Si, die 
Schicht SiGe und die zweite Schicht Si hergestellt 
wurden. 



Revendlcallons 

1 . Transistor a effet de champ a couches minces (1 00) 
pour moduler des porteurs comprenant : 

20 

un substrat isolant : 



wich entre trois couches recristallisees (206, 206, 
210)deSi. 



que des revendications ci-dessus, dans lequel 
Pepaisseur de ladite premiere couche est inltrieure 
a environ 10 nm et l'6paisseur desdites seconde et 
troisieme couches est inferieure a environ 5 nm, 
respectrvement. 



4. Transistor a couches minces selon Tune quelconf.- 
5 que des revendications ci-dessus, dans lequel la 

concentration de Ge dans ladite premiere couche 
est situee entre environ 10 a 50 %. 

5. Transistor a couches minces selon la revendication 
to 4 : dans lequel ladite concentration de Ge a un ni- 
veau de pourcentage a une seule crete positionne 
a un emplacement predetermine espace entre les 
premiere et seconde surfaces principals oppo- 
ses de ladite premiere couche. 

75 

6. Transistor a couches minces selon Tune quelcon- 



une premiere electrode de grille (110) sur ledit 
substrat isolant ; 

25 

une premiere couche isolante de grille (114) sur 
ladite premiere electrode de grille ; 

une premiere couche (302) de SiGe contraint 
par compression pseudomorphe recristallisee 30 
d'un premier type de conductivity sur ledit iso- 
lateur de grille formant la region de canal dudit 
transistor ; 

une seconde couche isolante de grille (l 1 2) sur 35 
ladite premiere couche de SiGe ; 

une seconde electrode de grille (1 06) sur ladite 
seconde couche isolante de grille ; 

40 

dans lequel les premiere et seconde electrodes 
de grille delimitent la region de canal dudit tran- 
sistor entre celles-ci ; et 

des r6gions de source (116) et de drain (116) 45 
fortement doptes d'un second type de conduc- 
trvtte adjacent a ladite region de canal. 

2. Transistor a couches minces selon la revendication 

1 , dans lequel ladite region de canal (302) de SiGe so 
est constitute d'une couche (102) de SiGe qui est 
prise en sandwich entre deux seconde et troisieme 
couches recristallistes (104, 106) de Si. 

3. Transistor a couches minces selon la revendication 55 
1 , dans lequel ladite region de canal (302) de SiGe 

est constitute de deux couches recristallisees se- 
parees (202, 204) de SiGe qui sont prises en sand- 



7. Transistor a couches minces selon la revendication 
6 : dans lequel I'epaisseurde ladite premiere couche 
est situte entre environ 4 a 6 nm et I'epaisseur des- 
dites seconde et troisieme couches est situee entre 
environ 2 et 3 nm, respectivement. 

8. Precede pour fabriquer un transistor a effet de 
champ a couches minces comprenant les etapes 
consistant a : 

a. tournir un substrat isolant ; 

b. former une premiere Electrode de grille sur 
un substrat isolant ; 

c. former une premiere couche isolante de grille 
sur ladite premiere 6lectrode de grille ; 

d. former une couche de GeSi contrainte par 
compression pseudomorphe recristallisee d'un 
premier type de conductivity sur ladite premiere 
couche isolante de grille ; former la region de 
canal dudit transistor ; 

e. former une seconde couche isolante de grille 
sur ladite couche recristallisee ; 

1. former une seconde Electrode de grille sur la- 
dite seconde couche isolante de grille ; et 

g. former des regions de source et de drain for- 
tement doptes d'un second type de conduct iy 
vite dans ladite couche recristallisee sur les co- 
tes opposes desdites premiere et seconde 
Electrodes de grille afin de delimiter la region 
de canal dudit transistor. 
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Precede selon la revendication B comprenant de 
plus enire les etapes b) el c) Tetape consistant a - 

g) former une premiere couche recristallisee de Si 
sur ladite premiere couche isolante de grille, 

et, entre les exapes c) et d), I'etape consistant a : £ 

h) former une seconde couche recristallisee de Si 
sur ladite couche monocristalline de SiGe ; 

dans lequel les regions de source et de drain forte- 
ment dopees sont realisees par implantation ioni- 
que a travers la premiere couche recristallisee de to 
Si, la couche de SiGe et la seconde couche de Si. 
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402 < 



Form and potiem the bottom gate 
electrode 110 (can be oolysilicon 
or singie crystal). 



404 — 1_ 



406 -i_ 



405 



Grow or deposit high quality 
bottom gate insulator 114. 



Deposit thin amorphous Si (to 
become bottom channel 106), which 
also serves as the seed layer for 
subsequent SiGe layer deposition. 



Deposit SiGe channel layer 102 and 
the top Si layer 104 by UHV/CVD or 
other SiGe/Si epitaxy techniques. 



410 — 2_ Perform recrysialiization of layers 

102-106 (if it hasn't yet been done). 



412 



414- 



Grow or deposit the top gote insulator 112. 



Form and pattern the top gate 
electrode 108 (can be Dolysilicon 
or single crystal). 



416 



Dope to form source/drain diffusion 
regions 116 and 118, and the gate by 
self— aligned ion implantation, followed 
by adequate thermal anneal. 



418- 



420 • 



Form self— aligned siiicide over the source, 
drain and top gate if so desired. 



Passivate and contract the transistor. 



Fig. 4 
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